Abstract In the present study, we manipulated the different types of information available in the parafovea during the reading of Chinese sentences and examined whether deaf readers could activate sign translations of Chinese words during reading. The main finding was that, as compared to unrelated previews, the deaf readers had longer fixation durations on the target words when sign-phonologically related preview words were presented; this preview cost effect due to signphonological relatedness was absent for reading-levelmatched hearing individuals. These results indicate that Chinese deaf readers activate sign language translations of parafoveal words during reading. We discuss the implications for notions of parafoveal processing in reading.
Phonological skill plays an important role in reading acquisition among hearing readers in alphabetic (e.g., Goswami & Bryant, 1990) and logographic (e.g., Lei et al., 2011) writing systems. Given the absent or limited auditory environment and its consequence of inadequate language exposure, reading acquisition is typically difficult for deaf readers (Kelly & Barac-Cikoja, 2007; Mayberry, del Giudice, & Lieberman, 2011) . However, some deaf readers can reach a relatively high reading level, suggesting that they may use a different coding system in lexical processing. Previous studies have demonstrated that deaf readers do not make use of parafoveal phonological information as hearing readers do (Bélanger, Mayberry, & Rayner, 2013a) , and that Chinese deaf readers develop more direct access to parafoveal semantics (Yan, Pan, Bélanger, & Shu, 2015a) . Although these studies have contributed to the understanding of lexical processing for deaf readers, it remains an open question whether or not some types of parafoveal information uniquely contribute to lexical access among deaf readers. Former studies have shown that deaf readers activate sign translations of written words, even if translation is not necessary to perform the task (Morford, Wilkinson, Villwock, Piñar, & Kroll, 2011) . In the present study, we adopted the gaze-contingent boundary paradigm (Rayner, 1975) to examine whether and how deaf readers activate sign translations of parafoveal words.
Preview benefit and preview cost effects in reading
During reading, lexical information is obtained not only from the currently fixated word, but also from the upcoming word. The gaze-contingent boundary paradigm (Rayner, 1975) has been widely used to study the type(s) of information that can be obtained from parafoveal words. In this paradigm, an invisible boundary is placed between the pretarget and target words. A preview word is located in the position of the target word before it is fixated. During a saccade crossing the boundary, the preview word is immediately replaced by the correct target word. The relation between the preview and the target can be identical, related, or unrelated. Using the unrelated preview as a reference, identical and related previews of the target word normally reduce the fixation duration on the target word when it is subsequently fixated. This facilitation is termed the preview benefit (PB), and it has been reported that phonological, orthographic, and semantic information can be obtained in parafoveal vision among hearing readers (Rayner, 2009; Schotter, 2013; Schotter, Angele, & Rayner, 2012) .
Together with the PB, which indicates facilitation in processing the target word due to information overlap between the preview and the target, recent studies have also documented negative PB effects-that is, situations in which earlier or ongoing processing of the previews caused more interference to the processing of the target word, known as the preview cost effect (Kliegl, Hohenstein, Yan, & McDonald, 2013; Yan, Risse, Zhou, & Kliegl, 2012a) . It is proposed that when a nonidentical parafoveal preview is presented, more parafoveal information leads to a deeper level of lexical processing of the preview, which in turn makes it more likely for the nonoverlapping information between the preview and the target to interfere with the processing of the target word, leading to a preview cost. Previously, the preview cost effect due to related parafoveal preview has typically been shown when a semantically related preview in Chinese is provided. For example, Yan, Risse, et al. (2012a) demonstrated that the size of the semantic PB decreases with increasing fixation durations on pretarget words. Pan, Laubrock, and Yan (2015) reported a semantic PB in silent reading but a semantic preview cost in oral reading. Arguably, this was because the Chinese writing system is well-optimized for fast semantic processing (Hoosain, 1992; Laubrock & Hohenstein, 2012) and the semantic information in Chinese script is more densely packed than in alphabetic scripts, allowing Chinese readers to efficiently process parafoveal semantics (e.g., Yan, Richter, Shu, & Kliegl, 2009; Yan, Zhou, Shu, & Kliegl, 2012b; Yang, Wang, Tong, & Rayner, 2012) . However, in principle, the preview cost should not be limited to semantics; as long as parafoveal processing efficiency is high, there is an opportunity to observe other types of preview costs. Therefore, it will be of great theoretical importance to further explore the preview cost effect and to achieve a better understanding of parafoveal processing. Due to the enhanced parafoveal processing efficiency of deaf readers that we elaborate on below, the present study extends the preview cost effect to sign-based representations for deaf readers.
Parafoveal processing of deaf readers
Not many studies have addressed the question of the parafoveal processing of deaf readers. Despite their generally low performance in reading, it is known that deaf readers with early-onset deafness process parafoveal (and peripheral) information more efficiently than do hearing readers in low-level visual perception tasks, due to their increased allocation of attention to the stimuli in extrafoveal vision (Bavelier, Dye, & Hauser, 2006; Dye & Bavelier, 2010) . More relevant to the present study, Bélanger, Slattery, Mayberry, and Rayner (2012b) found that skilled deaf readers have a larger perceptual span (the spatial extent of visual information processing; McConkie & Rayner, 1975; see Inhoff & Liu, 1998, and Kliegl, 2015b , for perceptual span in Chinese) than do reading-level-matched hearing readers, suggesting that deaf readers are better at parafoveal information processing.
Recent experiments have further tested the types of information that can be parafoveally obtained by deaf readers: Bélanger, Mayberry, and Rayner (2013a) provided no evidence for parafoveal phonological processing among deaf readers. It is possible that given the lack of auditory input, deaf readers may develop a different coding strategy and/or more direct access to semantics. Indeed, Yan et al. (2015a) found that Chinese deaf readers have earlier and stronger activation of semantics in the parafovea. More critically, the semantic PB was only observed in early fixation measures, and it became numerically negative in late fixation measures, indicating a semantic preview cost. Although these studies contribute to the understanding of lexical processing for deaf readers, it is fair to point out that the phonological and semantic preview effects are not specific to deaf readers. What remains to be discovered is the type of parafoveal information that uniquely contributes to deaf readers for their lexical access.
Activation of sign-based representation
Reading is known to be difficult for deaf readers (Kelly & BaracCikoja, 2007; Mayberry et al. 2011 ). The use of phonological codes in word recognition for deaf readers is controversial. Although some studies have suggested the involvement of phonological codes (Daigle & Armand, 2008; Kelly, 2003) , other findings, not only from alphabetic scripts (Bélanger, Baum, & Mayberry, 2012a; Cripps, McBride, & Forster, 2005) , but also from scripts like Chinese (Chincotta & Chincotta, 1996) , have not shown evidence for this notion. Bélanger et al. (2012a) suggested that findings of deaf readers using phonological codes could be due to the effect of orthography, given the tight spelling-sound mappings in alphabetic scripts.
Some evidence has shown that deaf readers may rely on sign-based representations during word recognition. Sign languages are visual-gestural languages, perceived visually and expressed via linguistically-governed hand, arm and body gestures, along with facial expressions. There are four formational parameters of signs, including hand shape, orientation, movement, and location (Battison, 1978; Stokoe, Casterline, & Croneberg, 1965) , and they are referred to as the sign phonology. Sign phonology can be analogous to phonology in spoken language. However, they are different in terms of-but not only in terms of-the fact that sign-phonological elements are not based on sounds. These four formational parameters are valid not only in American Sign Language (ASL), but also in Chinese (see, e.g., W. Chen, 2007) . Verhoeven (2009, 2012 ) studied the sign activation of Dutch deaf children in a concept-judging task. They presented deaf individuals with stimulus pairs (sign-picture or word-picture pairs) simultaneously and asked them to judge whether the two stimuli referred to the same concept. When the two stimuli were semantically unrelated, deaf children were slower in response to pairs that had an overlap in sign phonology in Sign Language of the Netherlands (NGT) than to pairs with dissimilar sign phonologies. They argued that the two stimuli in the pairs activate various signphonology formational parameters, and that these elements in turn activate neighboring signs, thus creating an interference effect and leading to response difficulty. Morford et al. (2011) found similar results in a semantic-relatedness judgment task. For words that were not semantically related (NO responses), deaf bilinguals of ASL and English needed a longer time and made more mistakes in judging words that shared sign phonology in ASL translations than for those that did not. However, for words that were semantically related (YES responses), those that shared sign phonology were responded to faster than those without similarities in sign phonology. These findings suggest that when processing words, deaf readers activate sign translations of words, but how these sign translations affect word recognition may depend on the required response. The activation of sign translations during word recognition is not restricted to deaf sign language users. Grote and Linz (2003) used tasks similar to those of Ormel et al. (2009 Ormel et al. ( , 2012 and found that hearing individuals who knew sign languages also activated sign translations during word recognition. To summarize, the findings from these studies indicate that sign language users activate sign representations during word recognition.
This activation of sign phonology is also found during sentence reading. Treiman and Hirsh-Pasek (1983) presented deaf readers with sentences containing at least three words with similar sign phonologies and found that deaf readers made significantly more errors when judging the acceptability of these sentences, as compared to control sentences that contained words that were unrelated in sign phonology. Recently, Bélanger, Morford, and Rayner (2013b) manipulated the relatedness in ASL phonology of two words in a sentence and studied the influence of reading ability on sign activation during sentence reading in an eyetracking study. When the target word was preceded by a semantically unrelated word that shared sign features in ASL, fixation durations on the target word among less skilled deaf readers were longer than with an ASL-phonologically unrelated preceding word.
The present study
Previous studies have shown that sign phonology can lead to both facilitation and interference effects, and this discrepancy calls for additional tests. Furthermore, even though there is clear evidence for sign activation during foveal processing among signers (Grote & Linz 2003; Morford et al., 2011; Treiman & Hirsh-Pasek, 1983) , it is not known yet whether sign phonology is activated during early parafoveal processing. In the present study, we set out to investigate these issues by testing Chinese deaf readers who use Chinese Sign Language (CSL).
We predicted that a preview cost effect would emerge due to sign-phonological relatedness, for two reasons. First, given that sign-phonologically related but not semantically related primes lead to an interference effect in foveal processing (Bélanger, Morford, & Rayner, 2013b; Morford et al., 2011) , analogously, it is likely that overlapping sign-phonological features afforded by parafoveal previews would interfere with the lexical access of target words when they were subsequently fixated. Second, given the evidence for a larger perceptual span, and thus for high efficiency in parafoveal processing, among deaf readers (Bélanger, Slattery, et al., 2012b) , it would be likely for the incongruent information from the signphonologically related preview to take effect and introduce a preview cost.
Method
Participants Forty-three moderately severe to profoundly deaf readers (23 female, 20 male; hearing loss ranging from 68 to 120 dB in the better ear, M = 99 dB, SD = 12 dB) from a deaf school in Beijing participated in the eyetracking study. They were 19.1 years old (SD = 1.94) and had used CSL as their main language for communication for 11.1 years (SD = 3.82). They had average nonverbal IQs according to the local norms (Zhang & Wang, 1985) of Standard Progressive Matrices (Raven, Court, & Raven, 1996) . Thirty-nine fifth-graders (23 girls, 16 boys) with a mean age of 10.72 years (SD = .29) participated as reading-level control readers. According to a silent-reading fluency test, the deaf readers and the control group read 329 (SD = 156) and 345 (SD = 85) characters/min, respectively, and the difference between the two groups was not significant [F(1,80) = 0.349, p = .556]. This test was designed on the basis of the Reading Fluency subtest in Woodcock-Johnson III Tests of Achievement (Mather & Woodcock, 2001) . It requires readers to read and comprehend simple sentences and to judge the correctness of the contents as rapidly as possible. It has been used in previous studies to access children's reading ability in both alphabetic languages (Mayringer & Wimmer, 2003; Moll, Fussenegger, Willburger, & Landerl, 2009 ) and Chinese reading (Lei et al., 2011; Pan et al., 2011) . Two independent groups of 21 and 17 undergraduate students participated in two norming tests for semantic relatedness and predictability. All of the participants had normal or corrected-to-normal vision and were native readers of Chinese.
Materials
Twenty-three 1 CSL-phonologically related two-character word pairs were chosen. For each pair, two different sentence frames were developed, respectively using each of the two words as the target word, so that there were 46 experimental sentences in total. The target words were paired with three types of preview words: identical and CSL-phonologically related and unrelated previews.
2 Sign-phonological relatedness was defined as sharing at least two formational parameters (Morford et al., 2011; Ormel et al., 2012 ; see the Appendix for detailed information). In addition, the nonidentical preview and target words were not semantically related, did not share any constituent characters, and had no visual similarity or homophony between their constituent characters, thus avoiding any possible overlap at semantic, orthographic, or phonological (in terms of oral language) levels. The word frequencies and numbers of strokes of the three types of preview words were closely matched (F values < 1). The semantic relatedness between the target words and the nonidentical preview words on a 5-point scale nicely reflected the intended design [F(1, 45) = 2.601, p > .1]. Table 1A shows an example set of words in the different preview conditions.
The experimental sentences were 14 to 19 characters in length (M = 16, SD = 1.4). The pretarget words (word N) were also always two-character words. The target words never appeared in the first seven or the last four characters of the sentence. Each sentence was presented only once to a participant, and the conditions were counterbalanced across participants. A teacher from the deaf school and a teacher from a primary school read the sentences and considered them to be suitable for the participants. The sentence contexts were written to be neutral. As a check, we presented sentence frames prior to the target words and asked the (7) 380 (7) 390 (7) GD (ms) Deaf 468 (11) 570 (12) 541 (12) Hearing 417 (11) 565 (10) 581 (10) TRT (ms) Deaf 478 (12) 601 (13) 578 (12) Hearing 433 (11) 595 (11) 605 (11) Frequency information (log-transformed numbers of occurrences per million) was obtained from Cai and Brysbaert (2010) . FFD, firstfixation duration; GD, gaze duration; TRT, total reading time predictability norming participants to complete the sentences. The identical previews, CSL-phonologically related previews, and unrelated previews were correctly guessed eight times (1.0 %), three times (0.4 %), and no times (0 %), respectively. Figure 1 shows an example set of sentences.
Apparatus
Eye movements were recorded with an EyeLink 1000 system (running at 1000 Hz). Sentences were presented in single lines vertically at a position one third of the way from the top of the screen of a 21-in. ViewSonic G220f monitor (resolution, 1,024 × 768 pixels; frame rate, 120 Hz). The display change was completed within 12 ms after the eyes crossed the invisible boundary. Participants were seated 65 cm from the monitor with a chin-and-forehead rest. The font Song 40 was used, with one character spanning 1.4°of visual angle. All recordings and calibrations were done monocularly for the right eye, and viewing was binocular.
Procedure
Participants were calibrated with a 5-point grid. They were instructed to read the sentences for comprehension. As is shown in Fig. 1 , before readers' eyes crossed the invisible boundary located between words N and N + 1, they saw one of the three previews at the position of word N + 1. The preview word was replaced by the target word immediately after the eyes crossed the boundary. Before a trial started, a fixation point appeared on the left side of the monitor for drift check. Fixation on the fixation point initiated presentation of the trial. An extra calibration was performed if tracking drifted from the fixation point presented prior to the experimental sentence. A total of 20 randomly selected sentences were followed by an easy yes-no comprehension question.
Data analysis
The data from two deaf readers who had less than 65 % accuracy in answering the comprehension questions were excluded from the analyses. The hearing group (M = 86 %, SD = 5 %) had a comprehension rate that was better than that of the deaf readers (M = 75 %, SD = 6 %), F(1, 78) = 79.8, p < .001, but both groups had relatively high rates of correct answers. Using an algorithm for binocular saccade detection (Engbert & Kliegl, 2003) , standard eye movement measures of reading such as first-fixation durations (FFDs: the first fixation on a word in first-pass reading), gaze durations (GDs: the sum of all first-pass fixations on a word), and total reading times (TRTs: the sum of all fixations on a word, including regressive fixations) were determined. We removed the data for 20 trials (i.e., 0.5 %), due to participants' blinking, coughing, or bodies shaking during reading. FFDs shorter than 80 ms or longer than 800 ms, GDs longer than 1,200 ms, and TRTs longer than 1,600 ms were removed from all analyses (8 % and 3 % of the data for deaf and hearing readers, respectively). In addition, for all analyses, trials with regressions from the pretarget words (2 % and 1 % of the data for deaf and hearing readers, respectively) were excluded, since these trials might reflect incomplete parafoveal processing of the preview words during fixations on pretarget words. Finally, 28 % and 21 % of the trials were removed from the duration analyses for the deaf and the hearing readers, respectively, due to late display changes (i.e., trials in which the saccade crossed the boundary during the final 15 % of the saccade duration), because readers would be more likely to perceive a display change or flash at this time.
A total of 2,543 observations contributed to the duration analyses. Statistical inferences were based on p l a n n e d c o m p a r i s o n s o f i d e n t i c a l a n d C S Lphonologically related previews, with the unrelated preview as a reference condition, and of the two reader groups. We allowed for varying intercepts for participants and words by using linear mixed models (LMMs) with the lmer program of the lme4 package (Bates, Maechler, Bolker, & Walker, 2014) in the R environment (R Core Team, 2014) . In LMMs, estimates 1.96 times larger than their standard errors are interpreted as being significant at the 5 % level; this is because, given the number of participants and the large number of observations for each participant, the t statistic in LMMs (i.e., M/SE) effectively corresponds to the z statistic. We report log-transformed fixation durations as the dependent variable in the models because analyses of the residuals and inspection of the duration distributions strongly suggested that log transformation was required to meet the LMM assumptions (Kliegl, Masson, & Richter, 2010) . Analyses for untransformed and log-transformed durations yielded the same pattern of significance. Table 1B shows the raw participant means (and standard errors) for skipping rates, FFDs, GDs, and TRTs for each reader group. The main effects of preview and reader group and their interactions for skipping rates were not significant [abs(t values) < 1.0], indicating that the two groups did not differ in skipping rates in the three conditions.
Results
The two reader groups did not differ in their FFDs (b = -.028, SE = .048, t = -0.57), GDs (b = .075, SE = .057, t = 1.30), or TRTs (b = .054, SE = .059, t = 0.92) in the unrelated condition.
The identical PB (marginally) significantly interacted with reader group in the FFDs (b = -.080, SE = .048, t = -2.29), and interacted significantly in the GDs (b = -.179, SE = .040, t = -4.47) and TRTs (b = -.141, SE = .038, t = -3.68), indicating that the identical PBs, in both the early and late duration measures, were smaller for the deaf readers (FFD: b = -.175, SE = .025, t = -7.06; GD: b = -.178, SE = .029, t = -6.22; TRT: b = -.229, SE = .027, t = -8.37) than for the hearing readers (FFD: b = -.254, SE = .024, t = -10.51; GD: b = -.353, SE = .028, t = -12.62; TRT: b = -.367, SE = .027, t = -13.71).
We observed significant interactions between the CSLphonologically related preview cost and reader group in the FFDs (b = -.050, SE = -.025, t = -1.98) and GDs (b = -.091, SE = .040, t = -2.26), with a marginally significant trend in the TRTs (b = -.065, SE = .039, t = -1.69). Among the deaf readers, the CSL-phonological preview cost was significant in FFDs (b = .060, SE = .028, t = 2.15), and was marginally significant in GDs (b = .050, SE = .029, t = 1.73). A similar numerical trend was shown in the TRTs (b = .039, SE = .028, t = 1.40). No significant difference was apparent between the CSL-phonologically related and unrelated conditions among the control readers [abs(t values) < 1.5].
Discussion
In the present study, CSL-phonologically (but not semantically) related parafoveal previews were presented to deaf readers and to reading-level-matched hearing readers in order to test the parafoveal processing of sign phonology during the reading of Chinese sentences. We found early activation of sign phonology from parafoveal words only for the deaf readers. More critically, instead of the facilitation effect due to a parafoveally presented related preview that is normally shown in reading experiments, we observed in the present study a significant preview cost effect in our early fixation measure (i.e., FFD) for CSL-phonologically related preview words. This interference effect agrees with other results reported in foveal semantic relatedness judgment tasks and sentence-reading tasks, in which signs were not necessary to perform the tasks (Bélanger, Morford, & Rayner, 2013b; Morford et al., 2011; Ormel et al., 2012) . The preview cost that we observed in the present study extends earlier findings from foveal to early parafoveal processing and provides evidence for the notion that deaf readers are able to use a unique encoding strategy during reading (for a review, see Musselman, 2000) , indicating a contribution of sign phonology to lexical access among sign language users.
The results of the present study also contribute to the understanding of the preview cost effect that has been reported recently. Using the standard foveal-priming paradigm, Zhou, Marslen-Wilson, Taft, and Shu (1999) reported that a semantic prime can cause both positive and negative priming effects: When the prime is presented briefly, the common properties are activated, and there is little competition between the semantic activation of the prime and target, leading to facilitation in lexical decision. Alternatively, if lexical access to the prime is more complete (typically due to a long stimulus onset asynchrony), nonoverlapping semantic representations and diverging aspects start to develop and result in competition between the prime and target, leading to inhibitory effects. Previous studies have shown that orthographic overlap also produces negative priming effects in word naming (H.-C. Chen & Shu, 2001; Perfetti & Tan, 1998) and typing (J.-Y. Chen & Li, 2011) tasks. Taking these findings together, whether a prime leads to facilitation or inhibition may well depend on the depth of its lexical access.
The negative priming effect is analogous to the preview cost in the gaze-contingent boundary paradigm. A deeper level of lexical access is likely to be achieved when the parafoveal processing time is long and when parafoveal processing efficiency is high. Pan et al. (2015) obtained significant semantic PBs in silent reading but semantic preview costs in oral reading, and they concluded that reading aloud slows down the eyes and that readers thus have more opportunities to process the preview words; as a consequence, diverging features of the preview and the target start to develop and lead to a preview cost effect. Yan et al. (2015a) reported that an early semantic PB was canceled by subsequent processing costs, leading to a numerical preview cost. They argued that both fast access to semantics in Chinese and the high parafoveal processing efficiency of deaf readers contribute to this cost among Chinese deaf readers. As a consequence, accumulated diverging semantic representations from the previews eventually disrupted the processing of the target words at a late processing stage.
So far, there has been no evidence of a preview cost due to other types of information than semantics. One important theoretical contribution of the present study is its extension of the preview cost to parafoveal sign-relatedness. Notably, this preview cost in FFDs and the similar trends in later measures indicate early, strong, and long-lasting interference. Two factors might have contributed to the preview cost effect. First, deaf readers are known to allocate more attention to parafoveal information (Bavelier et al., 2006; Dye & Bavelier, 2010) , and thus have a larger perceptual span in reading (Bélanger, Slattery, et al., 2012b) . Second, slow foveal reading may provide more opportunities for parafoveal processing (Yan, Luo, & Inhoff, 2014) . Both factors imply that deaf readers may achieve more complete access to the parafoveal preview words, which may lead to a competition between the preview and the target. As a consequence, extra efforts are needed to suppress the interference from the preactivated diverging information afforded by the CSL-phonologically related preview.
Previously, Bélanger, Morford, and Rayner (2013b) found a sign-phonological interference effect among deaf readers whose reading level was equivalent to 6th grade. In the present study, our sample consisted mainly of deaf readers with an average 5th-grade reading ability, which is largely consistent with the findings of Bélanger, Morford, and Rayner. Sign-phonological interference among more skilled readers (i.e., grade 8.9 or higher) has also been reported (Morford et al., 2011) . Preview costs occur due to deep access to parafoveal information. This implies that with equal amounts of preview duration, the preview cost is more likely to be observed for individuals with high reading skill. For readers with low reading skill, parafoveal processing may be too slow to induce a preview cost. The result of a reliable preview cost effect among deaf readers with reading abilities equivalent to 5th grade implies that these readers are efficient enough in their parafoveal processing of sign phonology to generate interference. When adding reading proficiency and preview duration as covariates in the present study, we found no significant interactions with these covariates [all abs(t values) < 1.3], possibly due to inadequate statistical power of the data or to relatively small variance in the covariates. After all, the present study was not in a good position to test the influence of reading ability on the parafoveal sign-phonological processing of words. To this end, it will be of great interest for future research to test the parafoveal sign-phonology effect with deaf readers of different reading proficiencies.
In sum, the present study has demonstrated that Chinese deaf readers activated the sign-phonology information of parafoveal words during reading. Together with previous findings (Bélanger, Mayberry, & Rayner, 2013a; Morford et al., 2011; Yan et al., 2015) , our results suggest that deaf readers are flexible in the ways that they choose to code words. 
